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A  novel  design  of  solid  oxide  fuel  cell  (SOFC)  which  utilizes  a  thick  film  (<20  jim)  as  an  electrolyte  support  is 
developed  and  tested.  The  sintered  16  (Jim-thick  yttria-stabilized  zirconia  (YSZ)  electrolyte  film  is  mounted 
on  a  1-mm  thick  YSZ  ring  by  sintering  the  two  pieces  together.  With  this  new  configuration,  it  is  possible 
to  fabricate  a  thick  (<20  fim)  electrolyte-supported  SOFC  and  measure  the  power  density  of  the  unit  cell. 
With  LSCF  (Lao.6Sr0.4Coo.2Feo.803_^)  as  a  cathode  and  Ni-YSZ  as  a  composite  anode,  the  cell  with  a  16  (Jim- 
thick  YSZ  electrolyte  achieves  a  high  performance,  i.e.,  a  maximum  power  density  of  590mWcnrr2  at 
800  °C.  This  value  is  comparable  with  that  of  most  anode-supported  SOFCs  using  YSZ  electrolytes. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cell  is  an  energy  conversion  device  that  generates  electric¬ 
ity  and  heat  by  electrochemically  combining  a  gaseous  fuel  and  an 
oxidizing  gas  via  an  ion-conducting  electrolyte.  Energy  conversion 
using  solid  oxide  fuel  cells  (SOFCs)  is  highly  efficient  and  environ¬ 
mental  friendly,  with  low  emissions  of  NOx,  dust,  and  noise.  In 
addition,  SOFCs  offer  flexibility  in  fuel  selection  (coal  gas,  hydro¬ 
gen,  etc.).  The  SOFC  unit  cell  is  composed  of  three  components: 
electrolyte,  cathode  and  anode  [1,2].  Most  of  the  development  has 
focused  on  planar  or  tubular  designs  of  SOFCs.  In  planar  SOFCs,  the 
cell  components  are  configured  as  flat  plates  that  are  connected  in 
electrical  series.  Planar  SOFCs  can  be  classified  into  two  broad  cat¬ 
egories:  an  electrolyte-supported  cell  and  an  electrode-supported 
cell. 

Conventionally,  electrolyte-supported  SOFCs  use  the  electrolyte 
to  support  thin  electrodes  on  either  surface  [3,4].  The  advan¬ 
tages  of  this  configuration  are  relatively  strong  structural  support 
from  a  dense  electrolyte  and  little  susceptibility  to  a  failure  due 
to  anode  re-oxidation.  In  an  anode-supported  cell,  the  thin  elec¬ 
trolyte  layer  cracks  due  to  the  volume  change  and  sintering  of  the 
supporting  anode  accompanied  by  the  Ni  oxidation  [5].  However, 
the  electrolyte-supported  structure  limits  the  minimum  electrolyte 
thickness  to  ~150  pum  and  thereby  an  operating  temperature  of 
about  900-1000  °C  is  required  to  minimize  the  high-ohmic  loss 
due  to  the  thick  electrolyte  [6].  Such  a  high  temperature  implies 
poor  long-term  stability  and  high-material  costs,  particularly  for 
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the  interconnect  materials.  The  high-temperature  limits  the  choice 
of  interconnect  materials  to  a  few  ceramics  that  are  thermally  sta¬ 
ble  but  expensive.  Thus,  lowering  the  operating  temperature  to 
600-800  °C  invokes  many  advantages.  Low-cost  metallic  materi¬ 
als,  e.g.,  ferritic  stainless  steels,  can  be  used  as  interconnects.  This 
makes  the  stack  cheaper  and  more  robust  [4].  On  the  other  hand, 
as  the  temperature  is  lowered,  the  ohmic  loss  across  the  solid  elec¬ 
trolyte  increases.  This  can  be  overcome  by  decreasing  the  thickness 
of  electrolyte.  In  the  case  of  a  supported  film  electrolyte,  a  thickness 
of  5-30  pum  is  often  possible. 

Electrode-supported  SOFCs  with  thin  electrolytes  can  operate  at 
reduced  temperatures  (600-800  °C).  The  most  common  example 
is  the  anode-supported  SOFC.  However,  the  disadvantages  of  this 
configuration  include  a  mass-transport  limitation  due  to  the  thick 
(e.g.,  1  mm)  electrode.  In  addition,  to  form  a  dense  electrolyte  and  a 
porous  anode,  a  careful  co-sintering  process  has  to  be  adopted.  As  a 
result,  the  whole  process  is  both  complex  and  time-consuming  [7]. 

This  study  presents  a  thick  film  electrolyte  (thickness  <20  pim)- 
supported  SOFC.  The  structure  offers  the  advantages  of  both 
the  electrolyte-supported  and  the  electrode-supported  design. 
Although  a  YSZ  electrolyte  thicker  than  100  pim  can  be  self- 
supporting,  an  electrolyte  below  20  pim  in  thickness  easily  cracks 
in  the  self-supporting  mode  during  the  sealing  procedure.  Thus 
a  new  method  has  been  developed  for  a  thin  electrolyte  with  a 
thickness  of  less  than  20  p,m.  A  ~16-|xm  thick  YSZ  electrolyte  is 
mounted  on  1-mm  thick  YSZ  ring  by  sintering  the  two  pieces 
together  [8].  With  this  new  configuration,  it  is  possible  to  construct 
an  electrolyte-supported  SOFC  and  measure  its  power  density.  The 
electrochemical  performance  of  a  single  cell  based  on  the  YSZ  film 
is  presented  and  discussed.  The  test  reveals  that  it  is  possible  to 
fabricate  a  thick-film  electrolyte-supported  SOFC. 
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Fig.  1.  Schematic  illustration  of  the  experimental  set  up  for  thin-film  electrolyte- 
supported  SOFCs. 


2.  Experimental  procedure 

In  order  to  fabricate  a  free-standing  YSZ  film,  commercial  YSZ 
tape  (8  mol%  yttria-stabilized  zirconia,  Fuel  Cell  Store,  USA)  was  cut 
in  a  desired  shape  and  then  sintered  at  1550  °C  for  3  h  in  air.  The 
dense  YSZ  electrolyte  had  a  thickness  of  ~16  fxm  after  sintering.  The 
relative  sintered  density  was  more  than  95%,  as  estimated  from  the 
sample  weight  and  dimension.  The  16-p.m  thick  YSZ  electrolyte 
was  mounted  on  a  1-mm  thick  YSZ  cylindrical-ring  (o.d.  =  11  mm, 
i.d.  =  2  mm)  by  using  YSZ  paste  and  sintering  the  two  pieces  together 
at  1400  °C  for  3  h  in  air.  YSZ  paste  was  prepared  by  mixing  YSZ  pow¬ 
der  (TZ-8YS,  Tosoh,  Japan)  with  an  organic  solution  of  a-terpineol 
and  ethyl  cellulose  in  a  weight  ratio  of  10:1.  The  viscosity  of  the 
solution  was  controlled  by  adding  di-ethylene  glycol  butyl  ether. 
The  organic  solution  was  also  used  to  prepare  slurries  for  the  cath¬ 
ode  and  the  anode.  A  schematic  diagram  of  the  measurement  cell 
is  shown  in  Fig.  1.  After  mounting  the  YSZ  film  on  the  YSZ  ring, 
a  NiO-YSZ  slurry  was  brush  painted  on  the  bottom  surface  of  the 
supporting  YSZ  electrolyte  and  subsequently  sintered  at  1300  °C  for 
3  h  in  air.  The  NiO  (Kojundo  Chemical,  Japan)-YSZ  (TZ-8YS,  Tosoh, 
Japan)  (4:6  weight  ratio)  composite  slurry  was  prepared  by  mixing 
the  composite  powder  with  the  organic  solution.  In  our  previous 


study  [9],  the  NiO-YSZ  composite  anode  showed  the  best  per¬ 
formance  when  sintered  at  1300  °C.  LSCF  (Lao.6Sr0.4Coo.2Feo.803_5, 
NexTech  Materials  Ltd.,  USA)  powder  was  mixed  with  an  organic 
solution  and  brush  painted  on  the  top  surface  of  the  electrolyte  and 
sintered  at  900  °C  for  2  h  in  air.  The  active  area  of  both  the  cathode 
and  the  anode  was  3  mm* 2.  Pt  paste  (no.  6082,  Engelhard,  USA)  was 
brush  painted  and  subsequently  Pt  mesh  (52  mesh,  Alpha  Aesar, 
USA)  was  attached  to  the  sintered  electrodes  as  a  current  collector 
at  850  °C  for  1  h  in  air. 

The  cell  was  glass-sealed  to  an  alumina  tube  for  power  testing. 
The  cells  were  characterized  at  700,  750  and  800  °C.  A  fuel  gas  of 
97%  H2  +  3%  H20  was  fed  at  a  flow  rate  of  30  ml  per  min  to  the 
anode  side  and  stationary  air  was  used  as  the  oxidant.  An  elec¬ 
trochemical  interface  (Solartron,  SI  1287,  UK)  and  an  impedance 
analyzer  (Solartron,  SI  1260,  UK)  were  used  to  obtain  impedance 
spectra.  The  spectra  were  fitted  using  an  analysis  software  (ZSimp- 
Win,  PerkinElmer  Instruments,  USA).  Current  versus  cell  potential 
was  measured  with  an  electrochemical  interface  (SI1287).  The 
microstructure  was  observed  with  a  field-emission  scanning  elec¬ 
tron  microscope  (JEOL,  model  3330F,  Japan). 

3.  Results  and  discussion 

Cross-sectional  scanning  electron  micrographs  of  a  single  cell 
are  presented  in  Fig.  2.  As  seen  in  Fig.  2a,  the  YSZ  electrolyte 
film,  sandwiched  between  a  porous  LSCF  cathode  (top  layer)  and  a 
porous  NiO-YSZ  anode  (bottom  layer),  is  dense  and  ~16-p,m  thick. 
Although  the  cathode  and  the  anode  layers  were  brush  painted,  the 
variation  in  thickness  is  not  large,  namely  20-30  pum.  Good  adhe¬ 
sion  is  found  between  the  electrolyte  and  electrodes.  Comparison 
of  the  images  in  Fig.  2b  and  c  shows  that  the  NiO-YSZ  anode  has  a 
much  coarser  particle  size  than  the  LSCF  cathode.  This  is  because 
the  anode  is  sintered  at  a  much  higher  temperature  than  the  cath¬ 
ode  (1300  °C  versus  900  °C).  The  particle  size  of  the  anode  is  ~1  p,m 
and  that  of  cathode  is  ~0.3  \xm. 

In  order  to  evaluate  the  contribution  of  ohmic  and  interfacial 
polarization  resistances,  the  impedance  of  the  cell  was  measured 
at  700,  750  and  800  °C  under  open-circuit  conditions;  the  spectra 
are  shown  in  Fig.  3.  The  ohmic  resistance  (ftohm)  and  the  polar- 


Fig.  2.  Scanning  electron  micrographs  of:  (a)  cross-section  of  thick-film  YSZ  supported  cell  with  Ni-YSZ  anode  and  LSCF  cathode  (bar  =  10  pirn);  YSZ  film  is  ~16  |jim  thick;  (b) 
LSCF  cathode  (bar  =  2  p,m);  (c)  NiO-YSZ  anode  (bar  =  2  p,m). 
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Fig.  3.  Impedance  spectra  of  thick-film  YSZ-supported  cell  with  Ni-YSZ  anode  and 
LSCF  cathode.  Impedance  measured  under  open-circuit  conditions  at  700,  750  and 
800  °C,  respectively. 


ization  resistance  (Rp)  values  of  the  cell  were  extracted  from  the 
impedance  spectra.  The  impedance  patterns  show  that  the  total 
resistance  (Ktot)  of  the  cell  is  determined  primarily  by  Rp  at  all 
three  temperatures.  For  example,  the  Rohm  value  is  -0.12  £2  cm2 
and  the  Rp  value  is  -0.36  £2  cm2.  The  contribution  of  ftohm  to  the 
Rtot  value  is  small  due  to  the  thinner  (-16  pan)  electrolyte  layer. 
If  the  thickness  of  the  electrolyte  increases  to  150-200  pan,  as  is 
generally  employed  in  a  conventional  electrolyte-supported  cell, 
the  Rohm  value  is  expected  to  become  -10  times  larger  than  the 
current  value  and  thus  dominate  the  Rp  value.  Thus  the  advantage 
of  using  a  thinner  (-16  pan)  electrolyte  layer  is  clearly  demon¬ 
strated.  The  impedance  spectrum  is  composed  of  three  depressed 
semicircles  or  arcs.  The  spectra  were  fitted  using  the  equivalent 
circuit  shown  in  Fig.  3,  where  R0 hm  is  the  ohmic  resistance,  L  is 
the  inductance,  and  the  series  connection  of  (fli,Qi),  (K2.Q2)  and 
(^3.03)  corresponds  to  the  three  arcs,  respectively.  Rt  is  the  resis¬ 
tance  and  Qi  is  the  constant-phase  element.  The  Rtot,  Rp  and  Rohm 
values,  as  determined  from  the  impedance  spectra,  are  plotted  as  a 
function  of  temperature  as  shown  in  Fig.  4.  The  ratio  of  Rp  to  Rtot  is 
-75%  at  800  °C  and  slightly  decreases  with  decreasing  temperature. 
This  again  confirms  that  the  performance  of  the  cell  is  limited  by 
the  Rp  value.  The  activation  energy  (Ea)  of  Rt0 1  (-0.92  ±  0.008  eV) 
is  closer  to  that  of  Rp  (-0.85  ±0.006  eV)  rather  than  that  of  Rohm 
( — 1.11  ±  0.13  eV).  The  Ea  value  of  Rohm  obtained  from  the  Arrhenius 
plots  of  R0 hm,  1.11  eV,  is  similar  to  the  reported  value  (-1.07  eV) 
for  the  Ea  value  of  8YSZ  grain  or  bulk  conductivity  [10].  Thus  the 
ft0hm  value  consists  mainly  of  the  grain  resistance  of  the  electrolyte. 
Although  the  Rohm  value  is  smaller  than  the  Rp  value  at  the  present 
test  temperatures,  it  is  expected  that  the  former  will  increase  more 
rapidly  than  the  latter  with  decreasing  temperature  below  700  °C 
due  to  the  larger  Ea  value  of  Rohm  than  Rp.  Further  reduction  of 
electrolyte  thickness  or  adoption  of  a  new  material  is  required  to 
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Fig.  4.  Total  resistance,  polarization  resistance  and  ohmic  resistance  determined 
from  impedance  plot  and  shown  as  function  of  temperature. 
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Fig.  5.  I  (current)-V  (voltage)  and  I  (current)-P  (power)  curves  of  test  fuel  cell  at 
700,  750,  and  800  °C.  97%  H2  +3%  H20  mixture  used  as  fuel  and  air  as  oxidant. 


decrease  the  Eohm  value  for  low-temperature  use.  Since  the  cur¬ 
rent  cell  performance  is  limited  by  the  Rp  value,  it  is  expected  that 
better  cell  performance  can  be  achieved  by  further  reduction  of 
the  Rp  value.  Examination  of  impedance  spectra  reveals  that  the 
Rp  value  is  mostly  determined  by  two  arcs  (R2-Q2,  E3-Q3 )  in  the 
low-  and  medium-frequency  ranges.  The  size  of  the  arc  obtained  in 
the  high-frequency  range  ( R 1  -Qi )  is  very  small  and  thus  the  con¬ 
tribution  to  Rtot  can  be  neglected.  It  is  further  found  that  the  R2 
value  is  two  to  three  times  larger  than  the  R3  value.  Thus  the  Rp 
value  is  determined  mainly  by  the  R2  value  at  all  three  test  temper¬ 
atures.  The  Ea  value  of  R2  (-0.94  ±  0.06  eV)  is  also  closer  to  that  of 
Rp  (—0.85  ±  0.006  eV)  than  that  of  R3  (-1.10  ±  0.09  eV).  A  separate 
examination  of  cathodic  and  anodic  Rp  values  under  various  ther¬ 
modynamic  conditions  may  be  required  to  reduce  the  Rp  value.  The 
positioning  of  the  reference  electrode  should  also  be  considered. 

The  cell  voltage  and  the  corresponding  power  density  are  pre¬ 
sented  in  Fig.  5  as  a  function  of  current  density  for  a  single  cell 
characterized  at  700,  750  and  800  °C.  The  open-circuit  voltage 
(OCV)  for  97%  H2  +3%  H20/air  is  -1.09  V  at  800  °C,  which  is  very 
close  to  the  theoretical  value  of  1.10  V  at  800  °C.  This  indicates  that 
the  electrolyte  film  is  quite  dense  with  no  pores  or  cracks.  The 
founding  also  proves  that  good  sealing  is  obtained  between  the 
electrolyte  film  and  the  YSZ  ring.  The  maximum  power  density  is 
180,  340  and  590mWcnrr2  at  700,  750  and  800  °C,  respectively. 
This  result  shows  that  high  performance  is  achievable  from  an 
electrolyte-supported  SOFC  operating  at  800  °C.  The  power  den¬ 
sities  are  comparable  with  the  performance  (200-1900  mW  cm-2 
at  800  °C)  of  most  anode-supported  SOFCs  with  YSZ  electrolytes 
[11-15].  It  is  expected  that  the  operation  temperature  can  be 
lowered  further  by  using  alternative  electrolytes  of  higher  ionic 
conductivity  at  lower  temperature.  For  example,  ceria  or  lanthanum 
gallate  may  be  used  as  an  electrolyte  material.  Although  a  relatively 
small-sized  cell  (-3  mm2)  has  been  tested  in  this  study,  a  larger  cell 
can  be  made  by  controlling  the  fabrication  process.  An  array  of  cells 
can  also  be  made  by  sintering  many  pieces  of  thick-film  electrolyte 
(<20  |jim)  to  pre-drilled  holes  in  the  supporting  electrolyte  sheet. 


4.  Conclusions 

A  thick-film  electrolyte  (thickness  -16  |jim)-supported  SOFCs 
has  been  successfully  fabricated.  A  new  experiment  set-up,  which 
utilizes  a  supporting  ring  for  a  thick-film  electrolyte,  enables  power 
density  measurements  to  be  made  for  an  electrolyte  as  thin  as 
-16  p.m.  Using  LSCF  as  a  cathode  and  Ni-YSZ  as  a  composite 
anode,  the  cell  with  a  YSZ  thick-film  electrolyte  achieves  a  high 
performance,  e.g.,  maximum  power  density  of  590mWcm-2  at 
800  °C.  This  value  is  comparable  with  the  performance  of  most 
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anode-supported  SOFCs  with  YSZ  electrolytes.  It  is  also  found 
that  polarization  resistance  mainly  limits  cell  performance,  hence 
showing  the  advantage  of  the  present  approach.  Consequently,  it 
is  expected  that  cell  performance  can  be  improved  by  reducing  the 
polarization  resistances.  Low-temperature  operation  is  also  consid¬ 
ered  feasible  by  adopting  alternative  electrolyte  materials. 
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